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Monolithically Integrated DBR Laser,
Detector, and Transparent Waveguide
Fabricated in a Single Growth Step

D. Hofstetier, H. P. Zappe. J. E. Epler, Member, IEEE, and P. Riel

Abstraci— The monolithic integration of a GaAs-AlGaAs dis-
tributed Brugg reflector (DBR) laser with a nonabsarching grating
section, a tramsparent wavegulde, and an absorbing photodetector
s reported. Transparent and absorbing segments were defimed
afier growih by vacancy-enhanced quantum-well disordering
(VEDY), Laser outpot power was 5 mW with a threshold current
of 22 mA, Detector current was linearly dependent on the laser
outpul power and the emission from the grating side of the
laser could be directly coupled into the detector. The conversion
efliclency, defined as the ratio between deiecior current and laser

outpul power, was 0.47 AW, Using a comparison with as-grown,
SHY, -capped and SrF . -capped devices, bath lasers and detectors
were nol seen o be adversely affected by the anncal required for
the VED.

I. INTRODUCTION

EMICONDUCTOR integrated optics offers the potential

for small optical systems that may be mass produced.
Muonalithie integration of the laser into a phitonic integrated
circuit (PIC) reduces coupling losses and enhances robust-
ness, However, a key problem in achieving integration is
the definition of absorbing (lasers, detectors) and transpar-
em (waveguides) regions. Numecrous approaches, incleding
evanescent coupling between waveguides and absorbing re-
gions (requinng an additional impedance-maiching layer and
regrowth, respectively) [1]. [2]. bun coupling between laser
and photodetector (needing mirmor dry etch technigue) [3] or
the use of surface-emitting lasers and photodiodes (requiring
high-gquality dry-etched mirrors) [4], have been developed o
adidress the integration issme.

We present in this letter a techmique for the monolithic
integration of a disiributed Bragg reflector (DBR) laser with
transparent waveguide and photodetector, using VED for the
definition of the transparent and absorbwng regions | 5], [6]. The
VED process requines no regrowth 1o define the transparent
areas after cpitaxial growth and allows & considerably higher
conversion efficiency of laser outpul power into detector
current than previous approaches. Although a rapid thermal
anneal (KTA) of 960 *C and 24 s is necessary for the process,
no degradation in the performance of lasers or photodetectors
was noted. We thereby demonsirate the utility of VED for se-
lectively blue-shifting the absorption edge of o single-quantum
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well double-heterostructure and thus for direct application to
PIC fabricsiion.

I, VACANCY-ENHANCED QUANTUM-WELL
DNISORDERING MECHANISM

Through o partial disordering of & guantum well (W)
in a double-heterostructure wavegaide, the bandgap energy
can be increased by up 1o 60 meV. This results in a blue-
shift of the absorphion edge and therefore drastically reduces
the absorplion losses of a waveguide. The disordering is due
1w imerdiffusion of Al and Ga between the GaAs QW and
ithe Al 3Gag sAs core region ai elevaled iemperaiures. and
is greatly increased in the presence of a high concentration
of column-lll-vacancies. VED relies wpon the outdiffusion
of Ga ions into a 5idy capping layer 1o generate these
vacancies, which diffuse into the heterostruciure promoling
intermixing., 51 as a diclectric capping material inhibits
vacancy generation, such that very linle interdiffusion occurs
in the regions of the crvstal covered by the SrF; cap,

By panerning the wafer surface afier growth into regions
covered by Si0; and S1F;, we are casily able 10 produce
a patemn of ransparent and absordwag waveguide sections,
The bluc-shift due 1o VED under the Si0-cap is iemperature
and anneal-time dependent, as seen in Table L A wavelength
shafi of up o 68 nm under the Si0;-cap and less than 10 nm
under the SrF3-cap was scen for a 90-s anneal st 960 °C.
For the devices described in this lener. we applied only a
24-5 anneal in order o minimize p-dopant ditffusion into the
n-type lower cladding layer. The PL wavelength of the as-
grovwn material used for these experiments was 812 nm, that
of the SrFg-capped material 810 nm. and that of the Si0,-
capped material 793 nm. Fabry-Pérot lasers fabricated from
all these types of material showed comparable properties.
As-grown matcrial lasers: A = 827 nm, J,, = 600 Afem?,
n = 052 WiA: 5i0;-capped lasers: A = 805 om. J,,, =
300 Adem?, = (.42 WIA; SiF;-capped lasers: A = §25 nm,
Ju = T00 Adem’, i = 0.36 WiA,

. FaBricamon
A metal-organic vapor phase epitaxy (MOVPE) grown layer
structure on an n-type Si-doped (10" cm™" 5i) GaAs substrate
wias used for waveguides, photodetectors, and lusers. The
layers included an undoped 165-nm-thick Aly 3 Gag 7 As core
containing a single GaAs guantum well (7 nm), sandwiched
between a 1.1-pm-thick Aly «Gag o As lower cladding Liver (n-



TABLE 1
PHOTOLUMINESCERCE W AVELENGTH SHIFT OF S0k -Capfen avp
Sy Cappel MATERIAL AFTER A BAPD THERMAL, AnmEal
o A, 60, ann M s anin &7 DHFFRRERT ThwmrepsToees

annaal | wavalength wavelength
lemparalure shit StFz | shift 5i0z
[FCl | m] | fom]

910 | 03/15/38 | 51/10.8/205
920 | 1.6/34/49 | 7.3/18.1/359
830 | 12/22/35 |10.2/24.3/40.2
940 | 20/45/84 |14.4/30.2/506
950 | 26/59/93 |22.0/464/628
960 | 41/7.4/10.8  28.9/48.0/68.0

doped 1.5 x 10"% cm™? 5i) and a (.8-pm-thick Al sGag 2As
upper cladding layer (p-doped 10"* cm™ Mgl A 10-nm-
thick highly p-doped (% = 10'% em~F Zn) Gads cap laver
completed the structure.

Processing started with a 200-nm-thick e-beam-gvaporated
Si0k laver, patterned by standard photolithography and reac-
tave 1o etching (RIEY using a CFy plasma. Without strippimg
the photoresist, 8 2530-nm-thick 5rFs layer was then thermally
evaporated. Subsequent lift-off resulted in a nearly planar
surface covered completely either with 5i0; or SeF;. The
samples were then annealed by RTA for 24 = at 960 “C. During
anneal, a GaAs proximity cap helps w prevent surface damage
of the sample by generating a local As overpressure [7]. Both
SrFz and 5i0; were then removed, the former in diluted HCI
(HCIHH2O 129, 20 5) and the latter by CF,; RIE.

Ridge-waveguide DBE lasers were fabricated in this selec-
tively shifted substeate by dry-etching ridpe wavepuides in
a process descnbed previously [8]. The third-order grating
had a peniod of 380 nm, 1:]1 mark o space ratio. and a
depth of 100 nm. There was a 30-nm buffer layer between
grating and waveguide core, giving a coupling coefficient of
approximately 100 cm™ . 1200-pm and 1700-pm-long bars
were cleaved, yielding two different types of devices: the
1700-gm bars consisted, as shown in Fig. 1, of 500-pm-long
pumped sections with 2, 3, and 4-pm ndge widths, 50- o
150-pm-long nonabsorbing DBR grating sections, 500- 1o 650-
jim-long transparent waveguides, and $00-pm-long ahsorhing
photodiodes at the end of the waveguides. We describe in
the following only devices with a 150-pm-long grating recess
(grating length = 130 pm) and a ridge width of 4 pm. The
12000 gmn bars were made out of the former ones by subsequent
cleaving of the photodiode and the waveguide, and applying
an AR coating after each cleave.

IV, CHARACTERIZATION

The DBR lasers were driven ow al room lemperature;
maximum cutput power was 3 mW from the cleaved facel
alone, threshold current was 22 mA (T = 1.1 kAdem®), and
slope efficiency was on the order of 0.2 W/A, This latter value
could be further improved by ensuring a closer wavelength
match between the Bragg peak of the grating (814 nm) and
the semiconductor gain peak (825 nm), The lzser emission
from the cleaved facel, as seen in Fig. 2, was single transverse
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Fig. 1. Bchematic diagrom of DBR loser monolithically integrated with a
ransparent wavegulde and a phowodeiccor.
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Fig. 2. Oprical curput specirum of the DBR laser.

and longitudinal mode with a primary emission peak at )\ =
814 m, a sidemode suppression ratio (SMSR) of 25 dB, and
a FP mode spacing of (.155 nm was obtained. The latter
value corresponds 1o a cavity length of 630 gm or an effective
grating length of 130 pm. The primary emission peak could be
temperature-tuned between 7 and 25 °C without mode hops,
leading to a temperature-tuning  coefficient of 0.06 nmC
(Fabry-Pérot lasers: 0.25 nm™C). Repeated plasma exposure
of the contact region during Si0.-patterning, Si0q-stripping,
and 515N -contact hole etch increased the series resistance of
the lasers drastically (37 W) and resulted in a relatively high
threshold voliage, V{f ). of 3.3 W,

Due to the modepate prating reflectivity  (30—0%) and
the melatively high losses in the short transparent waveguide
(30 dBfem), we observed extermnal quantum efficiencies of
5 = 0.21 WA from the cleaved facet and ¢ = 0.12 WYA from
the AR-coated grating-side facet, This corresponds (o a total
mternal quantum efficiency of 20%. In addition, no significant
optical power emitted vertically from the grating was noted,
Small rpples are noticeable i the hght versus current (L-T)
curves from both the cleaved facet and the grating. The pres-
ence of these features indicates that the laser i3 undergoing an
optimization of its internal stored energy under changing phase
conditions due to carrier- and temperature-induced refractive
imdex changes as current 15 increased, and are unigue features
of & laser with one cleaved (nonwavelength selective) and one
grating (wavelength selective) reflector. These undulations,
which were reproducible and without hysteresis, were less
provounced for emission from the pratng side of the laser
than from the cleaved facet. This occurs, we believe, because a
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decrease in grating reflectivity induces a simultanecus decrease
aof the laser internal power, resulting in nearly constant laser
output power from the grating since the output power is the
prodduct of intemnal power and mirmor transmission,

The 1700-pm-long devices added an absorbing 500-pm-
lomg photodetector to these laserfwaveguide struactures. The
resistances parallel to the reverse-biased diodes and between
them were all between 3 and 5 k{2, These small resistances
generated large leakage curments across the p-n-junctions and
are caused by the incomplete electrical isolation of the re-
maining upper p-clad between leser and detector, As shown in
Fig. 3. we simultaneously measured the cleaved facet output
power with an external photodetector and the output power of
the: prating side with the imtegrated photodetector. Loss mea-
surements showed that wavelength-shifted waveguides had
optical losses comparable to as-grown transparent waveguides
and are on the order of 1.5 dB for the short lengths employed.
Due to the Jong absorbing length of the photodiode and
based upon the measured small amount of transmitted light
itypically 1% of the laser output power), we can assume a
high responsivity (=06 AW) of the photodiode: implying
=00% quantum efficiency, Conversion of laser output power
inte detector current was slightly lower (0,47 AW, il we
assume that the laser ontput from the grating and the cleaved
facet are roughly equal, Mo obvious performance differences
between annealed and nonannealed photodetectors was noted.

W, CONCLUSION

DBE lasers monolithically integrated with a nonabsorbing
grating section, a transparent waveguide and an absorbing

phaotodetector have heen fabricated while requiring only a
single MOVPE growth step. The absorbing and transparent
areas on the wafer were defined after growth by VED using
two different surface dielecirics, 5i0s for the fransparent
regions and SrFs for the absorbing segments. The lasers
operated ow at room temperature and emitted 5 mW at 814 nm
in a single transverse and lomgitdinal mode. Conversion
of laser outpul power inlo detector current was Uypically
047 AN, Device performance is not adversely affected by the
VED process, and the simplicity and flexibility of the approach
i useful for the design and fabrcation of PIC s for numerous
applications.
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